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An elementary kinetic model is established to represent the 
coupled behavior of (electro)-chemistry, transport and degradation 
processes in the porous Ni/YSZ anode of solid oxide fuel cells 
(SOFC). The model is applied to support the development and 
evaluation of solid carbon formation mechanisms at Ni/YSZ 
anodes. The simulations of cells operated on partially reformed 
hydrocarbons show that performance and degradation are 
influenced significantly by the operation temperature and applied 
potential. Specifically, at OCV and high temperature (1023 K), a 
surface carbon layer is formed which covers Ni surface and Ni 
three-phase boundary, blocking heterogeneous and charge-transfer 
reactions. However, at lower temperature (923 K) carbon growth 
mainly proceeds inside of anode porous phase leading to 
significant diffusion polarization. Literature experimental data is 
used for validation of the model. 
 
 
Introduction 
 
Solid oxide fuel cells (SOFC) are a promising technology for supplying electrical energy 
for future demands. Due to many advantages such as high efficiency, low emissions, low 
noise, reliability, and fuel flexibility, it is expected that SOFC will play a major role in 
future energy conversion technologies (1). Being a high-temperature electrochemical 
device, SOFC can easily be operated on hydrocarbon fuels (e.g. methane, propane, 
butane) (2,3). However, SOFC operations on hydrocarbons suffer from the formation of 
solid carbon inside the electrode, which causes the degradation of cells. Therefore, 
understanding the origin and evolution of degradation processes, which typically take 
place on micro- and nanoscales, is essential in order to develop a long-term-operating 
SOFC technology.  
 
         The process of carbon formation at Ni/YSZ-based SOFC anodes has been 
investigated for many years (2,4,5). It was identified that the type and amount of formed 
carbon at the Ni/YSZ anode depends upon many factors, for example, types of fuel, 
anode morphology, steam-to-carbon ratio, operating conditions etc. This was shown by a 
pioneering study of Bartholomew (6), who described five major carbon types forming on 
Ni such as adsorbed, carbide, polymeric, graphitic, vermicular and filaments. Generally, 
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under typical SOFC working conditions, all of these carbon types can be classified into 
two major formation mechanisms: (i) heterogeneously formed carbon that grows on 
nickel catalytic surface primary as a film, blocking heterogeneous and electrochemistry, 
and (ii) homogeneously/heterogeneously formed soot (pyrolytic carbon), which blocks 
pores increasing mass transfer resistance (7). 
 
         The model developed in this work represents coupled processes of chemistry, 
transport and degradation mechanisms at the Ni/YSZ-based SOFC anode. The present 
approach incorporates elementary heterogeneous chemical reactions, electrochemical 
charge-transfer, multicomponent porous-phase and channel-phase transport, and 
electrode degradation due to carbon formation. The simulation results are used to analyze 
available literature experimental data of anode-supported SOFC. 
 
 
Modeling and Theory for Detailed (Electro)-Chemistry, Degradation Processes  
and Transport 
 
         We use a 2D model of a planar SOFC. The model includes coupled 
electrochemistry and transport through membrane-electrode assembly (MEA) and gas 
channels. Anode and cathode electrochemistry is described using elementary kinetics for 
all surface reactions and for charge transfer (8). Current-voltage relationships are 
modeled by directly solving for the electric-potential distribution in the electrodes and 
electrolyte taking into account the electrical double layer capacitance. The gaseous 
species transport within porous Ni/YSZ anodes phase is represented by two parallel 
transport pathways: Stefan-Maxwell flow (species fluxes due to the ordinary and 
Knudsen diffusion) and Darcy viscous flow (driven by species concentration and 
pressure). The transport of gaseous reactants to and products from surface takes place 
through convection and diffusion in the channel parallel to the electrode surface, 
described with a 1D representation of the Navier-Stokes equations (8).  The evolution of 
carbon inside/on the anode is quantified by a multi-phase modeling approach (9). The 
latter is accounting for the volume fractions (ε) of all phases as a function of time and 
spatial location inside the cell, by taking into account the chemical rate laws of all 
involved reactions and overall mass conservation.  
Carbon species can be formed on the surface of nickel via different pathways such as 
hydrocarbon cracking, 
 
CxHy + (x+y)(Ni)  ⇄ xCNi  + yHNi,    [1] 
 
hydrocarbon oxidation, 
 
CxHy + (x+y)ONi  ⇄ xCNi + yOHNi,    [2] 
 
Boudouard reaction, 
 
xCO 
 
+ x(Ni)
 
 ⇄ x/2CNi + x/2CO2,Ni,    [3] 
 
where, (Ni) denotes a free Ni surface site. The formation of solid carbon as new phase on 
top of the Ni surface is model by an elementary-kinetic reaction of ordinary surface 
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adsorbed carbon species on Ni surface (CNi) from reactions [1]-[3] via the following 
equation:   
 
CNi ⇄ XCC  + (Ni),     [4] 
 
where, XCC  is bulk carbon, which belongs to a newly formed phase on top of the Ni 
surface. It is know that carbon can exist in different forms, e.g. graphite, graphene, soot 
(6). All of these carbon types differ in chemical as well as physical properties, 
correspondingly if they are formed in SOFC they have different impact on (electro)-
chemical phenomena. In the present work we consider two types of carbon which are 
formed on the surface of nickel. First, the highly dense carbon which forms as the film on 
the nickel surface and in the vicinity of triple-phase boundary (TPB) between nickel, 
YSZ and gas-phase blocking surface chemical and electrochemical reactions (Fig. 1b,c). 
The second type of carbon is similar to soot with comparatively low bulk density which 
is grown on top of carbon film blocking gaseous species transport through anode porous 
phase (Fig. 1d). 
 a) 
 
b) c) 
 
 
 
 
 
d) 
 
Figure 1.  Schematic illustration of carbon formation at Ni/YSZ SOFC anode.  
a – illustration of simple anode porous phase showing inlet, surface reactions and outlet 
flow; b – formation of carbon film at Ni surface; c – illustration of TPB blocking,  
d – formation of soot. 
 
   The freshly formed carbon phase reduces Ni active surface area and TPB length. In 
order to describe Ni active area reduction as the function of carbon phase growth, we use 
a simple linear function as follows 
 
)1( maxCarbonCarbonV 0,NiVNi εε−⋅= AA ,      [5] 
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where, V
NiA describes volume-specific surface area, V 0,NiA  denotes initial volume specific 
surface area, 
Carbonε
 the volume fraction of carbon phase, and max
Carbonε
 the maximum 
possible volume fraction of carbon phase. In the present study we use value of 0.02 for 
the latter parameter. Since the growth of carbon phase on Ni surface is continuously 
progressive, it can be assumed that anode TPB is also covered by carbon via linear 
equation similar to Eq. 5 
 
)1( maxCarbonCarbonV 0,NiVNi εε−⋅= ll .       [6] 
 
Here, instead of volume-specific area we use volume-specific TPB length ( VNil ). Both, 
Eqs. 5 and 6 reveal that the modeled geometrical parameter approaches zero when the 
volume fraction of carbon reaches its maximum value. 
Geometrically newly formed carbon phase is characterized by volume fraction, density, 
TPB length etc. Therefore, it is reasonable to assume that TPB between carbon, nickel 
and gas phases (where reaction 4 takes place) would also change in time while carbon 
phase is growing. In the present model we assume that TPB of carbon phase increases at 
first, reaching appropriate maximum length, and then it decreases to zero, since, there is 
no more Ni surface available for carbon phase growth. This phenomenon is described by 
the following function 
 
)1( maxCarbonCarbonCarbonV 0,CarbonVCarbon εεε −⋅⋅= ll ,     [7] 
 
where, VCarbonl is the TPB length of carbon phase, correspondingly, a subscript 0 denotes the 
initial TPB length. As it was mentioned soot phase is growing on top of carbon film via 
equation XCC  ⇄ CSoot. Correspondingly, the TPB of soot phase growth increases in time 
being a function of carbon volume fraction  
 
Carbon
5V
Soot 107 ε⋅⋅=l ,       [8] 
 
where, VSootl is the TPB length of soot phase.  
 
Simulation Procedure 
 
         Simulations were carried out using the in-house software package DENIS (detailed 
electro-chemistry and numerical impedance simulation) (8). In order to evaluate the 
chemical source terms, we use the software CANTERA developed by Goodwin and co-
workers (10). We coupled CANTERA to the in-house software DENIS, making the full 
CANTERA functionality available during DENIS runtime. All model equations 
described in this paper together with other necessary (electro)-chemical and transport 
equations are given in detail in Ref. (8). They are represented by partial differential 
equations (PDE). Correspondingly, spatial derivatives of the PDE system are discretized 
by finite volume method which converts the initial boundary value problem into an initial 
value problem for a differential algebraic equation (DAE) system. The number of control 
volumes is chosen such, that a further increase does not affect the calculated results 
within 0.5% for the discretization in x and y dimension, respectively. An extrapolation 
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method based upon semi-implicit Euler discretization is used to integrate the discretized 
equations system in time, as implemented in the stiff solver LIMEX (11). 
Experimental electrochemical impedance spectra were simulated using a potential step 
and current relaxation technique (12). The impedance is obtained in the frequency 
domain by a Fourier transformation of the resulting time-domain traces of current and 
potential. 
 
 
Model Parameterization and Elementary Kinetic Reaction Mechanism 
 
Model Parameterization 
 
        We use the model described above to analyze recent experiments of Chen et al., 
which were conducted using well-defined and thoroughly-characterized Ni/YSZ-based 
anode-supported SOFC (13). These experiments stand for one of the most complete data 
set available at the present and they cover an extended range of operating temperatures 
(923 K ≤ T ≤ 1023 K) and various syngas compositions (see Ref. (13) for detail). In the 
present work we use the following gas phase composition 23.64 % CH4, 7.6 % CO, 
14.27 % CO2, 49.48 % H2, 5 % H2O (in the Ref. (13) is marked as gas 7) for all 
simulations. 
 
Reaction Mechanism 
 
  Heterogeneous chemistry on Ni surface and charge-transfer. Since gas-phase 
composition used in the present work consist of methane and syngas, we use full 
mechanism of methane reforming on nickel surface developed previously by 
Deutschmann and co-workers (14). The reaction mechanism consists of 42 surface 
reactions among 7 gas phase species and 14 surface adsorbed species. This mechanism 
was developed to describe steam reforming (SR), partial oxidation and dry reforming of 
methane over Ni surface. All kinetic and thermodynamic data are used from the 
mentioned paper without any changes. 
 
          The establishment of charge transfer reaction pathways and the evaluation of their 
rate expressions is one the most difficult, however, one of the most important task for 
SOFC modeling (15,16). In this study, charge-transfer reaction mechanism comprises 
hydrogen oxidation at TPB by oxygen anions from electrolyte given out water at anode 
side. There are two parameters in the rate expressions for the CT reaction, which were 
adjusted to find the best fit with measured voltage stability tests and impedance spectra, 
that is, Arrhenius pre-exponential factor (k0) and activation energy ( actE ). The values of 
the activation energy (145 kJ·mol–1) and pre-exponential factor (8·103 cm2·mol–1·s–1), that 
are found to best represent all experimental measurements, are adjusted according to the 
temperature dependency of complex impedance. Although the charge-transfer reaction 
involves two electrons, the symmetry factorα is assumed to be 0.5. However, it shall be 
noted that the modeling results are sensitive to the values of the symmetry factor, we 
decided to fix it to the value of 0.5 in order to reduce the number of fitting parameters. 
 
   Kinetic and thermodynamic data of solid carbon phase. As described above (Eq. 4), 
carbon phase on Ni surface is formed by agglomeration of ordinary carbon species to the 
new phase. Hence, it is essential to derive thermodynamic data of deposited carbon in the 
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new phase. There are many studies on analysis of thermodynamic properties of carbon 
formation in SOFC (17–19), however, all of them are based upon an assumption that 
thermodynamic properties of graphite represent all types of carbon formed at Ni/YSZ 
anode. Many electrochemical and chemical experimental results contradict this 
assumption, suggesting that thermodynamic properties of carbon, belonging to the newly 
formed phase on Ni surface, must be determined separately. Efforts to determine 
thermodynamic properties of deposited carbon were made by Hill and co-workers 
(20,21), and recently by Lee et al. (7).  
 
         Following this work we have derived thermodynamic data (enthalpy and entropy) 
and kinetics of carbon deposited in the new phase on Ni surface described by Eq. 4. To 
this goal, we used temperature-programmed oxidation (TPO) measurements by Alzate-
Restrepo et al. (20). Using our model we have performed TPO simulations (Fig. 2) and 
fitted parameters to the literature experiments. For the simulation of carbon formation via 
Eq. 4, the pre-exponential factor of 5.5·1016 cm2·mol–1·s–1 along with an activation 
energy of 30 kJ·mol–1 were obtained as well as values for solid carbon enthalpy and 
entropy of –91.2 kJ·mol–1 and 32 J·K–1·mol–1, respectively. 
 
 
Figure 2.  Comparison between experimental (Ref. (20)) and simulated TPO spectra of a 
Ni/YSZ anode exposed to CH4 for 6 h at 1073 K at OCV. Heating rate is 10 K·min–1. 
 
 
Results and Discussion 
 
          This section shows the comparison between our simulations and experiments by 
Chen et al. (13) for a temperature of 1023 K (first subsection) and a temperature of 923 K 
(second subsection). 
 
           SOFC performance at 1023 K. Figure 3 shows the comparison between 
experimentally measured OCV and our simulations for temperature of 1023 K for 10 
hours. This is especially valuable data because it shows the influence of degradation 
phenomena on the cell performance. Using our model we observe a quantitative 
agreement between simulation and experiment over the complete investigated time range. 
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 Figure 3.  Comparison between experimental and simulated cell stability at OCV and 
temperature of 1023 K, the experimental results are taken from Ref. (13). 
 
Fig. 4 shows the comparison between experimental and simulated impedance spectra for 
T = 1023 K. As described by Chen et al. (13), three different impedance spectra were 
recorded at three different times during the OCV stability test shown in Fig. 3. For each 
time, both Nyquist and Bode simulated plots are shown. Experiments were taken at 15 
minutes, 30 minutes and 45 minutes. As within the first 45 minutes, simulations shows no 
significant change (cf. Figure 3), we compare these experiments to simulations at 21 
minutes, 42 minutes and 65 minutes. It was only possible to observe a qualitative 
agreement between model and experiment over the complete investigated range of 
experimental conditions using these different time ranges.  
 
  
Figure 4.  Nyquist (left) and Bode (right) plots of simulated impedance spectra at 
temperature of 1023 K and pressure 1 atm, the experimental results are taken from Ref. 
(13). 
 
The simulation allows to monitor spatiotemporal evolution of carbon-phase formation 
during the OCV stability simulation shown in Fig. 3. Figure 5 illustrates the change of 
solid carbon concentration at nickel surface at time points of 21 minutes, 42 minutes, 65 
minutes (corresponds to the three impedances simulations) and 10 hours. The simulation 
reveals a spatially inhomogeneous formation of solid carbon through the anode thickness.  
After 10 hours the complete Ni surface is covered with solid carbon, which increases up 
to the limit of εmaxCarbon = 0.02 (cf. Eq. 5). 
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Figure 5.  Spatial evolution of carbon formation inside the porous anode at four different 
times corresponding to the simulation shown in Fig. 3 (T = 1023 K). 
 
   SOFC performance at 923 K.  Figure 6 shows the results of the simulation of 
voltage stability test at 923 K over 10 hours similar to the results for 1023 K shown in Fig. 
3. There are no experimental results available for this temperature. However, following 
Fig. 6 it could be concluded that cell performance, predicted by our model for 
temperature 923 K, is physically reasonable for these conditions. This is because, OCV 
predicted for time zero is approximately by 0.03 V lower than OCV at 1023 K (see Fig. 
3), which stays in a good agreement with prior literature where it was shown 
experimentally that OCV of SOFC operated with hydrocarbons increases with increasing 
temperature (22).  
 
 
Figure 6.  Theoretically predicted OCV cell stability at temperature of 923 K. 
 
Simulated and experimental impedance spectra at 923 K are shown in Fig. 7. Here, again 
we obtain a qualitative agreement of the model with experimental measurements at 
different times. In the simulation two semi-circles at high and low frequencies are 
observed, which corresponds to anode surface chemistry/electrochemical double layer 
and combined porous/channel gas transport, respectively. 
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Figure 7.  Nyquist (left) and Bode (right) plots of simulated impedance spectra at 
temperature of 923 K and pressure 1 atm. The experimental results are taken from Ref. 
(13). 
 
Figures 8 and 9 illustrate carbon film and soot evolution, respectively. The model 
predicts that the amount of carbon film (Fig. 8) formed at 973 K is much less than at 
higher temperature (Fig. 5). There are two reasons for this: (i) since at lower temperature 
more water is formed in the reforming equilibrium, part of the carbon film is oxidized to 
carbon monoxide via the following reaction C + H2O ⇄ CO + H2, and (ii) carbon film 
continues reacting at lower temperature to yield soot (Fig. 9). Similar to carbon film, soot 
is formed firstly close to anode/electrolyte boundary and then progressively fills complete 
anode porous phase. 
 
 
 
 
 
 
 
Figure 8.  Spatial evolution of carbon formation inside the porous anode at four different 
times corresponding to the simulation shown in Fig. 6 (T = 923 K). 
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Figure 9. Spatial evolution of soot formation inside the porous anode at four different 
times corresponding to the simulation shown in Fig. 6 (T = 923 K) 
 
Since soot has a lower density than carbon film, it fills large fractions of the available 
pore space, thereby blocking transport of gaseous species. Correspondinglly, pressure 
inside the anode increases drasticly (numerical results are not shown here due to article’s 
size restriction).  
 
 
Conclusions 
 
         We have presented a modeling study of Ni/YSZ SOFC anode degradation due to 
solid carbon formation. The presented model combines the effect of porous and channel 
flow, heterogeneous chemistry, electrochemistry, and degradation phenomena in SOFC 
operating on CH4/CO/CO2/H2/H2O mixture. Different experimental data taken from 
literature were successfully reproduced over a wide range of operating conditions. An 
elementary kinetic description is used throughout the paper, which opens up the 
possibility of a direct mechanistic interpretation of the experimentally-observed 
electrochemical performance of Ni/YSZ SOFC anodes. 
This paper shows simulations at open circuit conditions only. Simulations under cell 
polarization at different temperatures, including the effect of nickel dusting, are subject of 
ongoing investigations. 
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